OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. Abstract In this paper, we present a method to take into account the feedback control in software developed from coupled field circuit models. The implementation of control loops is done in a software which is able to simulate electromagnetic devices associated with power electronic circuits having a time dependent topology. The control strategy is implemented in a discrete-time version and can manage all controllable electronic switches by means of different electric or magnetic quantities calculated during the simulation (flux, currents, voltages, . . .). Electrical systems involving magnetic devices, power electronic converters and their control devices can be simulated in presence of phenomena such as eddy currents or saturation of the magnetic materials.
Integration of control loops in coupled field circuit model to study magnetic devices supplied by power electronic converter and their control Introduction Many works have been dealt with field circuit coupled models (Tsukerman et al., 1993; Piriou and Razek, 1993; Lombard and Meunier, 1993) . Nowadays, time stepped finite element methods are very often used in industrial applications where power electronic converters are associated with magnetic devices (Charpentier et al., 1997) . In many software based on time stepped coupled field circuit model, the switching control signals of power electronic components (PECs), like transistors or thyristors, are defined in an open loop manner at the beginning of the simulation (Sadowski et al., 1993) . In order to deal with industrial applications involving feedback control operations, the method of control loops has been developed first for power electronic circuit models (Louisnard et al., 1992) then for coupled field circuit models (Kuo-Peng et al., 1998) . In this paper, we present an application of this method to model an induction heating device constituted of a hollow cylinder made of ferromagnetic conducting material and a coil made of ten solid conductors. It is supplied by a resonant converter. Considering the working frequency, eddy currents in conductors can not be neglected. First, we sum up the coupled field circuit model. Then, the method to take into account feedback control is presented.
Coupled field circuit model
If displacement currents can be neglected, the magnetic field is governed by (Tsukerman et al., 1993) :
where j is the current density, n the reluctivity and s the conductivity of media. Assuming a 2D transverse magnetic field problem, the gradient of the electric scalar potential is related to the potential difference u so between the ends of the conductor and the current in a solid conductor can be related to the vector potential a and the potential difference u so
where L is the axial length of the system and g so the conductance of the solid conductor. After discretisation of the study domain, with finite elements, we obtain the following system of differential equations
where A represents the axial component of the magnetic potential vector on the nodes of the mesh, U so the potential differences and I so the currents through solid conductors. Expressing that solid conductors are in series in the windings of the magnetic device, we obtain the following matrix relations X U so 2 U w ¼ 0 ð6Þ
where U w represents the voltage drops on windings, I w the currents across them. S sums the voltage drops on solid conductor belonging to the same winding.
From the Kirshhoff voltage law, the Kirshhoff current law and a tree given by the Welsh algorithm, the circuit equations can be put in the state form (Charpentier et al., 1997) :
where X C represents the state variables which are the voltage drops on capacitors in the tree branch and the currents across inductors in the links, U the vector of the real current and voltage sources of the circuit, U w , as in equation (6), the voltage drops across the windings of the magnetic device. The currents in the windings are function of the state variables and the real sources:
Equations (4) and (8) can be linked together using relations (5) - (7) and (9):
This global system of equations are solved by a step by step method knowing the real sources U to obtain the potential vector on each node of the mesh (A), the voltage drops on solid conductors (U so ) and the state variables (X c ). The (PECs) like diodes, transistors or thyristors are modelled as two values resistances: a very high resistance when it is off and a very low one when on. The states of the PECs are not known a priori. Their states are managed by a coloured Petri net representation (Charpentier et al., 1997) . Up to this point, to simulate the dynamic operation of the whole system, the control signals of PECs are defined all for once at the beginning of the simulation (Sadowski et al., 1993) .
Taking into account of feedback control
In order to take into account the feedback control, we have implemented the method of control loops in the software developed from the coupled field circuit model (Louisnard et al., 1992; Kuo-Peng et al., 1998) . We have adopted a formalism intimately related to the sampled control model. The method consists to interrupt the main program every sampling time. Communications between the coupled system and the control block occurs only at these sampling moments. This operation is illustrated by the diagram shown on Figure 1 . Precisely at each sampling moments the control block receives its inputs sent by the main program. These inputs are defined as voltage drops across resistors placed in the circuit. The subroutine computes the internal variables to elaborate the control laws and sends back to the main program the gating orders of the PEC. From this model, a software called MagCvs has been elaborated. As the main program, the code for the controls law is written by the user in FORTRAN. It can also be written in C. The implantation of this control mode is inserted in the simulation model according to the Nassi and Scheidermann graph given in Figure 2 .
Application to the study of an induction heating device We present studies, made by means of this model, of an experimental induction heating device used for education and research purposes. Plate 1 shows a photography of this device while operating. The piece of material to be heated is made up of a hollow ferromagnetic cylinder with a length of 290 mm and a e 1. d of sampling taking into account ck control e 2. assi and idermann graph of ntrol block in the ation model thickness of 10 mm. The inductor is a coil made of ten turns of copper helical round conductor of 8 mm inner diameter and 10 mm outer diameter.
The magnetic device can be assumed axisymmetric and the coil can be modelled by ten solid conductors connected in series and spaced equally around the ferromagnetic cylinder. Taking into account all the geometrical symmetries, only half of the axisymmetrical domain is considered. Therefore, the study domain contains only half of the cylinder and only five conductors of the coil. Figure 3 shows the mesh of the heart of the study domain. The conductivity and the relative permeability of the copper inductor are respectively, 5:6 £ 10 7 S=m and 1. The conductivity of the ferromagnetic cylinder, which is made with steel, is 4.10 6 S/m at room temperature. First, we studied the response frequency of the inductor formed by the ferromagnetic cylinder and the coil. This study has been made by simulations and experiments. Experimental measurements were made by an inductance analyser of WAYNE KERR. This analyser is able to measure the impedance of an inductor for a large range of frequency from 20 Hz to 100 kHz. Simulations were made with a complex version of MagCvs solving the global system in equation (10) coil (Lombard and Meunier, 1993 Then, we studied the feeding of this device by a resonant inverter. Again the studies were made by simulations and experiments. For the simulations, we used MagCvs which solves the system of differential equations (10) by the backward Euler method and takes into account the feedback control of the inverter.
In the induction heating device supplied by a resonant inverter considered here, a capacitor is connected in parallel with the inductor (Figure 6 ). The switching frequency of the inverter should be tuned at the natural frequency of the parallel resonant circuit formed by the inductor and the capacitor. To achieve this goal, the gating signals of the four transistors forming the inverter are elaborated from the measurement of the voltage across the capacitor by the feedback operation shown in Figure 7 . This operation is taken into account during simulation by the algorithm of control loops presented in Figure 2 . One of the main difficulty is to estimate the values of the conductivity and the relative permeability of the ferromagnetic cylinder because these parameters vary during the heating of the cylinder. The coil is maintained at a temperature Figure 8 . One of the sine wave represents the voltage V C across the capacitor and the square wave is the current I Load in the whole load formed by the inductor and the capacitor. I l is the current in the inductor alone. The measured resonant frequency and the amplitude of V c are respectively 15.9 kHz and 216 V while the simulation gives us 16.1 kHz and 185 V. We tried several values of the conductivity and the permeability of the cylinder. We obtain the best agreements between experimental measurements and simulations results for a conductivity of 3:9 £ 10 6 S=m and a relative permeability of 100. The real values of these parameters are very difficult to evaluate during heating operation. We can see here the double advantages brought by the method presented here: we do not need to calculate the equivalent impedance of the inductor, which depends on the frequency operation, nor to define, at the beginning of the simulation, the switching signals of PECs. Figure 9 shows, in a 3D representation, the distribution of the current density inside the coils of the inductor and the hollow cylinder. The two representations are separated to make them clear and understandable. The mesh (Figure 3) is represented in the plane and the value of the current density on each node is reported in the z axis. The current densities are calculated when the current in the inductor is equal to its amplitude at the resonance frequency (16.1 kHz). The maximum value of the current density is 45 A/mm 2 inside the cylinder and 23.5 A/mm 2 inside the inductor.
Conclusion
In this paper, a method taking into account the feedback control in a time stepped coupled field circuit model is presented. This method is based on the formalism of sampling mode. It allows the simulation of complex system involving a strong interactions between power converters associated with electromagnetic devices and their controls. An application related to the induction heating where eddy currents cannot be neglected is presented. Saturation of ferromagnetic material can be taken into account as well. The comparison of simulation and experimental results offer interesting perspectives in industrial applications of this method. It also shows that the main difficulty is to estimate the physical parameters like conductivity and permeability in function of the operating temperature of the device.
